Transcription factor A (TFAM) functions as a DNA packaging factor in mammalian mitochondria. TFAM also binds sequence-specifically to sites immediately upstream of mitochondrial promoters, but there are conflicting data regarding its role as a core component of the mitochondrial transcription machinery. We here demonstrate that TFAM is required for transcription in mitochondrial extracts as well as in a reconstituted in vitro transcription system. The absolute requirement of TFAM can be relaxed by conditions that allow DNA breathing, i.e., low salt concentrations or negatively supercoiled DNA templates. The situation is thus very similar to that described in nuclear RNA polymerase II-dependent transcription, in which the free energy of supercoiling can circumvent the need for a subset of basal transcription factors at specific promoters. In agreement with these observations, we demonstrate that TFAM has the capacity to induce negative supercoils in DNA, and, using the recently developed nucleobase analog FRET-pair tC O -tC nitro , we find that TFAM distorts significantly the DNA structure. Our findings differ from recent observations reporting that TFAM is not a core component of the mitochondrial transcription machinery. Instead, our findings support a model in which TFAM is absolutely required to recruit the transcription machinery during initiation of transcription.
Transcription factor A (TFAM) functions as a DNA packaging factor in mammalian mitochondria. TFAM also binds sequence-specifically to sites immediately upstream of mitochondrial promoters, but there are conflicting data regarding its role as a core component of the mitochondrial transcription machinery. We here demonstrate that TFAM is required for transcription in mitochondrial extracts as well as in a reconstituted in vitro transcription system. The absolute requirement of TFAM can be relaxed by conditions that allow DNA breathing, i.e., low salt concentrations or negatively supercoiled DNA templates. The situation is thus very similar to that described in nuclear RNA polymerase II-dependent transcription, in which the free energy of supercoiling can circumvent the need for a subset of basal transcription factors at specific promoters. In agreement with these observations, we demonstrate that TFAM has the capacity to induce negative supercoils in DNA, and, using the recently developed nucleobase analog FRET-pair tC O -tC nitro , we find that TFAM distorts significantly the DNA structure. Our findings differ from recent observations reporting that TFAM is not a core component of the mitochondrial transcription machinery. Instead, our findings support a model in which TFAM is absolutely required to recruit the transcription machinery during initiation of transcription.
T he mtDNA is a double-stranded circular molecule that encodes 22 tRNAs, 2 rRNAs, and 13 subunits of the respiratory chain. Transcription is initiated from two sites, the light-and heavy-strand promoters (LSP and HSP1, respectively), and proceeds to produce near genome-length polycistronic transcripts, which are subsequently processed to generate the individual RNA molecules (1) . Transcription from LSP also produces the RNA primers required for initiation of mtDNA replication at the origin of the heavy strand (2) (3) (4) . In vivo experiments have identified a second transcription initiation site (HSP2) downstream of HSP1, but the sequence requirements of this promoter remain to be defined (5, 6) .
In budding yeast, the basic machinery for mtDNA transcription consists only of two factors: the mitochondrial RNA polymerase (Rpo41) and its accessory factor Mtf1, also denoted sc-mtTFB (1) . In mammalian cells, it has been reported that mitochondrial transcription also requires the transcription factor A (TFAM), a high-mobility group-box (HMG) protein (7, 8) . TFAM plays a role as an mtDNA packaging factor that can bind, wrap, and bend DNA in a non-sequence-specific manner (9) (10) (11) (12) . TFAM also binds sequence-specifically to sites upstream (−15 to −35) of the HSP1 and LSP transcription start sites (13, 14) . The human mitochondrial RNA polymerase (POLRMT) is distantly related to the bacteriophage T7 RNA polymerase and has the capacity to recognize promoter elements (14) . In combination, POLRMT, TFAM, and the mammalian Mtf1 homolog TFB2M can initiate transcription from a promoter-containing DNA fragment in vitro (15) . TFB2M forms a heterodimeric complex with POLRMT and interacts directly with the priming substrate, indicating that TFB2M acts as a transient component of the catalytic site of the transcription initiation complex (16) .
TFAM is required to recruit POLRMT/TFB2M to LSP, and mutations in the TFAM high-affinity binding site abolish promoter-specific transcription (14, 17) . The exact distance between the specific TFAM binding site and the LSP transcription start site is important for promoter function (17) , and there may be direct physical interactions between the C-terminal domain of TFAM and the other components of the mitochondrial transcription machinery (18) . X-ray structural studies have revealed that TFAM bound to LSP induces a dramatic U-turn in DNA and places the C-terminal tail of TFAM next to the transcription start site, where POLRMT and TFB2M are expected to bind (19, 20) . Collectively, these observations support a model in which TFAM interacts with the other components of the mitochondrial transcription machinery and recruits them to a precise position at the promoter.
A recent study questioned the importance of TFAM for transcription initiation using a reconstituted in vitro transcription system and suggested that POLRMT and TFB2M could initiate promoter-specific transcription in the absence of TFAM (21) . This finding led to the conclusion that mitochondrial transcription is a two-component system also in higher cells, much similar to the situation in yeast. However, this model is not easy to reconcile with findings from other laboratories that have demonstrated that TFAM is an essential mammalian transcription factor both in vivo and in vitro (6, 15, 22) . We here investigate the role of TFAM for transcription initiation in a defined in vitro system. We find that the requirement for TFAM can be relaxed if conditions are chosen that allow for promoter breathing, i.e., low salt concentrations or negatively supercoiled DNA templates. The situation is thus similar to what has been described in nuclear transcription where the need for the basal transcription factors TFIIE, TFIIF, and TFIIH can be circumvented by the free energy of supercoiling (23) . Our findings reconcile findings in the field and firmly establish TFAM as a basal transcription factor.
Results

TFAM-Depleted Mitochondrial Extracts Cannot Initiate Transcription.
We first investigated if TFAM is required for transcription from the HSP1 and LSP promoters in mitochondrial extracts (Fig. 1A) . To this end, we used antibodies to immunodeplete TFAM from transcriptionally active mitochondrial extracts. Immunoblotting analysis demonstrated that TFAM could be efficiently depleted, whereas the levels of POLRMT and TFB2M remained unchanged This article is a PNAS Direct Submission. 1 To whom correspondence may be addressed. E-mail: claes.gustafsson@medkem.gu.se or maria.falkenberg@medkem.gu.se.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1119738109/-/DCSupplemental. (Fig. 1B) . We monitored run-off transcription using promotercontaining DNA fragments. We could observe transcription initiation from HSP1 and LSP in extracts before and after incubation with protein A beads (Fig. 1C, lanes 2 and 3) , whereas loss of TFAM abolished transcription from both promoters (Fig. 1C, lane 4) . By adding back recombinant pure TFAM protein to the immunodepleted extract, we could reconstitute mtDNA transcription from both promoters (Fig. 1C, lane 5) . We conclude that TFAM is essential for promoter-specific initiation of transcription in mitochondrial extracts.
It has previously been demonstrated that the high-affinity TFAM binding site upstream of LSP is required for transcription initiation in vitro (14, 17) . To investigate the functional importance of the corresponding site upstream of HSP1, we mutated 10 base pairs in the TFAM binding site (Fig. 1A ) and investigated the effect on HSP1 activity in a reconstituted in vitro transcription system containing purified TFAM, POLRMT, and TFB2M (Fig. 1D) . No transcription could be observed with the mutant template, supporting the conclusion that sequence-specific TFAM binding is required for HSP1 function.
Low-Salt Conditions Relax the Absolute Requirement of TFAM. The experimental conditions used to demonstrate TFAM-independent initiation of transcription contained low levels of salt (21); the only salt added to the reactions was 5-10 mM MgCl 2 . We speculated that these conditions could influence TFAM dependency, and to test this we repeated the reported experiments. We monitored run-off transcription on linearized DNA templates containing HSP1, LSP, or both HSP1 and LSP ( Fig. 2A) . Indeed, in the presence of 5 mM MgCl 2 and low levels of NaCl (4 mM), our transcription system generated run-off transcription products in the absence of TFAM ( Fig. 2A, lane 1 ). In agreement with results published by others (21) , the highest levels of TFAM-independent transcription were observed at HSP1, whereas relatively low levels of LSP transcription were seen in the absence of TFAM. Interestingly, a gradual increase of NaCl concentrations led to the inhibition of promoter-specific transcription ( Fig. 2A, lanes 1-5) . The levels of both LSP and HSP1 transcription dropped significantly at 12 mM NaCl, and the reactions were almost completely inhibited in the presence of 24 mM NaCl. When TFAM was added to the reactions, we obtained markedly different results ( Fig. 2A,  lanes 6-10) . Importantly, the transcription reactions gave substantially higher levels of run-off products in the presence of TFAM, even at very low salt concentrations ( Fig. 2A , compare lanes 1 and 6). Note that the depicted gel images in Fig. 2A , right hand column, are overexposed on purpose, because we wanted to use the same exposure time for all of the experiments to allow for a direct comparison of the efficiency of promoter-dependent transcription in the presence and absence of TFAM. Furthermore, the TFAM-containing transcription reactions remained unaffected by increasing amounts of NaCl added. The transcription yield was similar at 4 and 48 mM NaCl (Fig. 2A , compare lanes 6 and 10), and we could not observe a clear effect on transcription levels until NaCl concentrations were above 100 mM (Fig. 2B) .
DNA is not a static structure. Because the negatively charged phosphates of the DNA backbone repel each other, the double helix may spontaneously denature locally, opening up singlestranded zones even under physiological conditions. Salt shields the negative charges and stabilizes the double helix (24) . Therefore, the lower salt concentrations required for TFAM-independent transcription could potentially affect the behavior of the DNA and cause breathing of the DNA template. In support of this notion, we observed that low salt concentrations did not only cause TFAM-independent transcription from promoter sequences, but also high levels of background transcription, suggesting nonspecific initiation of transcription from partially single-stranded regions in the DNA templates ( Fig. 2 A and B , black bars). This nonspecific initiation of transcription was completely abolished at higher salt (>70 mM NaCl) without affecting the TFAM-dependent initiation (Fig. 2B, lanes 4-6) .
To verify that the requirement of TFAM was not specific to our experimental setup with recombinant proteins expressed in insect cells, we also investigated TFAM dependence using commercially available transcription factors expressed in Escherichia coli, which previously had been used by others to demonstrate TFAM-independent transcription initiation (21) . On a linearized template and in the presence of salt (40 mM NaCl in the experiment displayed), we obtained consistent results from the two different transcription systems. In both recombinant systems, transcription was dependent on TFAM (Fig. 2C) . From our experiments we could conclude that TFAM is a core component of the mitochondrial transcription machinery, not only in vivo and in mitochondrial extracts, but also in a reconstituted in vitro transcription system.
TFAM Is Not Absolutely Required on a Negatively Supercoiled
Template. An alternative way to facilitate DNA breathing is negative supercoiling. We therefore tested if negative supercoiling could relax the absolute requirement of TFAM for basal transcription. To obtain transcription products of defined lengths on our circular template, we omitted either CTP, creating an 18-ntlong transcript from LSP, or UTP to generate a 17-nt-long transcript from HSP1 ( Fig. 1A ; the last transcribed position is indicated with an asterisk). The experiments were performed at 80 mM NaCl, and for comparison we used linearized DNA templates. On a linearized template, TFAM was required at both LSP and HSP1 for transcription initiation. On a negatively supercoiled template, LSP still required TFAM, whereas HSP1 was active also in the absence of TFAM (Fig. 3, Lower, lane 13) . Our experiments therefore demonstrated that negative supercoiling could allow HSP1-dependent transcription even in the absence of TFAM. We also monitored transcription initiation on a negatively supercoiled template, before and after addition of mitochondrial topoisomerase I (TOP1mt). TOP1mt relaxed the negative supercoils and restored the strict requirement of TFAM for initiation of transcription at HSP1 (Fig. 4A) .
TFAM Structurally Alters Promoter DNA. The observation that negative supercoiling can relax the absolute requirement of TFAM was interesting because Abf2, the TFAM homolog in budding yeast, has the capacity to introduce negative supercoils into DNA (25) . We could demonstrate a similar activity for TFAM (Fig. 4B) , suggesting that this could be an essential aspect of the molecular mode by which TFAM activates promoters. To further verify that TFAM induces structural changes in DNA, and to investigate if these alterations could be directed specifically to a region around the transcription start site, we used FRET experiments (SI Text).
We incorporated the fluorescent cytosine analog tC O (26, 27) at several positions close to the HSP1 transcription initiation site and also synthesized the corresponding complementary oligonucleotides, including some sequences in which one cytosine was replaced by the nonemissive cytosine analog tC nitro (28) , which functions as a FRET acceptor for tC O (Table S1 and Fig. S1 ). Our data confirmed that the binding of TFAM induces significant structural changes in the template that could be consistent with DNA breathing (Table S2) . We also investigated if a mutation in the TFAM binding site that inactivated HSP1 transcription in vitro (Fig.  1C) could affect TFAM-dependent structural changes around the transcription start site. Our data revealed similar changes in FRET efficiency with the WT and mutant template (Tables S1 and S2 , duplex D MUT -A MUT ). Therefore, the observed effect of TFAM on DNA structure close to the transcription start site appears to be independent of the protein's sequence-specific binding activity, but rather a consequence of TFAM's ability to bind and bend DNA in a sequence-independent fashion. In support of this notion, mutations in the TFAM binding site that inactivated HSP1 promoter activity did not significantly affect TFAM binding to a promoter-containing DNA fragment in a gel retardation experiment (Fig. S2) . Therefore, even if TFAM requirements may be relaxed by conditions that promote DNA breathing, the role of TFAM under physiological conditions cannot simply be reduced to structural changes in promoter sequences, but most likely also involves complex interactions with the other components of the transcription machinery.
Discussion
In nuclear transcription, RNA polymerase II requires a set of basal transcription factors to initiate promoter-specific transcription in vitro. Among these factors, TFIIH, which harbors a helicase activity, helps to unwind template DNA and provides a single-stranded DNA bubble for the transcription machinery. Even if TFIIH is required for basal transcription in vivo, the requirement of this factor may be relaxed in vitro. Using negatively supercoiled template, it is possible to reconstitute transcription from some promoters in the absence of TFIIH, e.g., at the Ig heavy-chain gene promoter. The free energy of supercoiling circumvents the requirement of TFIIH by promoting the formation of an open complex (23) . In a similar fashion, conditions that stimulate DNA breathing, i.e., low salt or negative supercoiling, help to relax the absolute requirement of TFAM for transcription initiation at mitochondrial promoters. POLRMT has an intrinsic capacity to recognize specific DNA sequence elements at the promoter (14) , which may explain why DNA breathing helps the enzyme to initiate transcription in a sequence-specific manner. In addition, it is clear from results presented here and elsewhere that low salt and negative supercoiling lead to unspecific initiation of transcription at many other sites on a DNA template ( Fig. 2A) (29) . Recent structural studies of TFAM in complex with a LSP-containing promoter fragment have revealed that TFAM binding forces promoter DNA to undergo a sharp U-turn. The two HMG-box domains of the protein wedge into the DNA minor groove and thus cause two kinks on one face of the DNA. TFAM arranged in a similar fashion is supposed to cover the entire mitochondrial genome, thus compacting and protecting the mtDNA molecule (19, 20) . In support of the structural findings, FRET analysis using end-labeled DNA fragments have demonstrated that TFAM binding causes DNA bending, and that this effect is stronger on promoter DNA than on a nonspecific DNA fragment (20, 30) . FRET analysis have also demonstrated that the C-terminal tail of TFAM, which is required for efficient initiation of transcription, confers increased affinity and bending to a LSP promoter fragment, further demonstrating a link between DNA structure and promoter-dependent transcription (30) . Interestingly, mutations in TFAM, which cause a defect in DNA bending, also impair promoter-specific transcription in vitro. The effect is particularly pronounced at the LSP promoter, whereas HSP1 is less affected (20) . Our data also demonstrate that the structural requirements may differ between LSP and HSP1, because negative supercoiling only activates TFAM-independent transcription from HSP1, whereas LSP remains inert. In a related way, low-salt conditions have a stronger stimulatory effect on HSP1 compared with LSP.
POLRMT is unable to melt promoter DNA in the absence of TFB2M (16) . A molecular explanation for this observation was recently offered with the solution of the POLRMT X-ray structure (31) . In POLRMT, the two regions that melt DNA in phage RNA polymerases (the fingers domain and the intercalating hairpin) are repositioned, which leads to a clash between the intercalating hairpin and the template strand of DNA and causes the fingers domain to block single-stranded DNA from the active site. Based on these findings, it was suggested that TFB2M may help to reposition the fingers domain and the intercalating hairpin so that they could function in promoter melting. It is intriguing to speculate that promoter melting is a rate-limiting step in transcription initiation and that TFAM may stimulate this process further, by inducing negative supercoils in promoter DNA. In addition, TFAM could also stimulate inefficient promoter melting, by recruiting the transcription machinery via direct protein-protein interactions that positions POLRMT and TFB2M in direct proximity of the transcription start site. TFAM has been shown to interact directly with TFB2M and its paralogue, TFB1M (32) . The functional importance of this finding is still unclear, because TFB1M is not involved in mitochondrial transcription, but rather plays a role in ribosomal biogenesis (33) . However, even if further investigations are required, the close proximity between TFAM and the transcription start site makes direct physical interactions with TFB2M and/or POLRMT very likely. Such interactions may strongly stimulate POLRMT recruitment to the promoter region and help to overcome inefficient promoter melting at physiological salt conditions. Based on findings reported here, we conclude that TFAM indeed is a core component of the mitochondrial transcription machinery. We also demonstrate that even very small changes in salt concentration may have a strong effect on in vitro transcription reactions, which may complicate interpretations of experimental results. As a rule, in vitro findings should correlate with findings made in vivo or in cellular extracts. The effect of salt should always be considered, e.g., when new regulators of mitochondrial transcription are being identified by in vitro transcription assays, and in vivo verification of novel transcriptional mechanisms is essential.
Materials and Methods
Expression and Purification of Recombinant Proteins. POLRMT (amino acids 42-1230, N-terminal 10× His-tag), TFAM (amino acids 43-246, N-terminal 6× His-tag), and TFB2M (amino acids 1-396, C-terminal 6× His-tag) were expressed from recombinant baculoviruses in insect cells and purified as described previously (15) . POLRMT (amino acids 42-1230), TFAM (amino acids 43-246), and TFB2M (amino acids 31-396) expressed in E. coli were obtained from Enzymax LLC and used as described in Shutt et al. (21) . Recombinant Autographa californica nuclear polyhedrosis virus expressing TOP1mt (amino acids 1-601, C-terminal 6× His-tag) was constructed using the BacPAK system, following the manufacturer's instructions (Clontech). TOP1mt was expressed in insect cells and purified as described in SI Text.
FRET Measurements. The DNA sequences listed in Table S1 were provided by ATDBio Ltd. The cytosine analogs tC O and tC nitro incorporated in these sequences were purchased from Glen Research Corp. Detailed protocols for DNA duplex formation and FRET measurements can be found in SI Text.
In Vitro Transcription. We used DNA fragments corresponding to base pairs 1−741 (LSP and HSP1), 1−477 (LSP), or 499−741 (HSP1) of human mtDNA cloned into pUC18 for analysis of promoter-specific transcription in run-off assays as previously described (15 . After a 6-h rotation at 4°C, the beads were washed 3× with mitochondrial lysis buffer. The 80-μL mitochondrial extracts prepared as described (34) were added to the beads and incubated overnight at 4°C with rotation. After centrifugation at 800 × g for 1 min at 4°C, TFAM-depleted mitochondrial extracts were ready for use in transcription assays.
